Introduction
============

Atherosclerotic cardiovascular disease is the leading cause of death worldwide, causing 247.9 deaths/100,000 persons in 2013, representing 84.5% of cardiovascular deaths ([@b1-mmr-22-02-0783],[@b2-mmr-22-02-0783]). Endothelial cell (EC) damage is considered to be an early marker in the development of cardiovascular diseases, such as atherosclerosis, myocardial infarction and cardiac failure ([@b3-mmr-22-02-0783],[@b4-mmr-22-02-0783]). EC injury and dysfunction have been reported in human and animal atherosclerotic lesions, and recovery of the injured endothelium is dependent on the apoptosis and proliferation of ECs, which is vital in the development of atherosclerosis ([@b5-mmr-22-02-0783]--[@b7-mmr-22-02-0783]). It has been demonstrated that oxidized low-density lipoprotein (ox-LDL) is a key factor in the initiation and progression of atherosclerosis due to its roles in inducing endothelial dysfunction and causing oxidative chain reactions ([@b8-mmr-22-02-0783],[@b9-mmr-22-02-0783]). ox-LDL binds to the lectin-like ox-LDL receptor-1 on the surface of ECs to trigger the accumulation of reactive oxygen species (ROS) and inhibit nitric oxide ([@b9-mmr-22-02-0783]). Following this, ROS production can further upregulate the formation of ox-LDL and activate lipid peroxidation, which may cause apoptosis and increased oxidative stress ([@b10-mmr-22-02-0783],[@b11-mmr-22-02-0783]). Accumulating evidence has demonstrated that ox-LDL-induced ROS is the main cause of endothelial dysfunction and apoptosis ([@b12-mmr-22-02-0783],[@b13-mmr-22-02-0783]). Therefore, inhibition of ox-LDL-induced apoptosis and ROS may be a promising strategy to prevent the development of atherosclerosis.

Signal transducer and activator of transcription (STAT)3, a member of the STAT transcription factor family, has been reported to regulate cell apoptosis and growth in various cell types ([@b14-mmr-22-02-0783]). It has been shown that STAT3 modulates inflammation and cell survival processes in ECs ([@b15-mmr-22-02-0783]). In addition, the STAT3 signaling pathway has been shown to act as a therapeutic target in the prevention of atherosclerosis or other cardiovascular diseases via the inhibition of EC apoptosis ([@b16-mmr-22-02-0783]). For example, myricitrin (a glycosyloxyflavone from the plant Myrica cerifera) was demonstrated to have anti-inflammatory, anti-oxidative and anti-nociceptive properties in *in vitro* and *in vivo* atherosclerosis models by activating the STAT3 signaling pathway ([@b16-mmr-22-02-0783]). These results indicate that STAT3 acts as a target in the prevention of atherosclerosis or other cardiovascular diseases.

MicroRNAs (miRs/miRNAs) are endogenous small non-coding RNA molecules of 22--25 nucleotides, which act as unique regulators of gene expression at the post-transcriptional level by inhibiting translation or promoting RNA degradation ([@b17-mmr-22-02-0783]). Increasing evidence has revealed that miRNAs are involved in a variety of biological and pathological processes, such as cellular apoptosis, proliferation, differentiation and carcinogenesis ([@b18-mmr-22-02-0783]--[@b20-mmr-22-02-0783]). Several miRNAs have been demonstrated to regulate crucial factors or key pathways in atherosclerosis, which could indicate the importance of miRNAs in the development of cardiovascular disease ([@b21-mmr-22-02-0783]). miR-21 has been shown to suppress apoptosis and induce the proliferation of vascular smooth muscle cells in the progression of atherosclerosis ([@b22-mmr-22-02-0783]). Cheng *et al* ([@b23-mmr-22-02-0783]), demonstrated that miR-145 inhibited the differentiation of smooth muscle cells and promoted lesion formation in atherosclerosis. Additionally, systemic delivery of miR-181b ameliorated atherosclerosis in apolipoprotein E-deficient mice via the suppression of NF-κB signaling ([@b24-mmr-22-02-0783]). It is well documented that miR-106a-5p has inhibitive effects via the suppression of cell proliferation and migration, as well as having roles in the induction of apoptosis in various types of cancers ([@b25-mmr-22-02-0783],[@b26-mmr-22-02-0783]). Furthermore, it has been identified that miR-106a-5p is overexpressed in atherosclerotic plaques and involved in biological processes associated with angiogenesis in homozygous LDL receptor-deficient mice ([@b27-mmr-22-02-0783]). However, whether miR-106a-5p also participates in ox-LDL-induced EC apoptosis and oxidative injury remains to be clarified. Therefore, the aim of the present study was to investigate the role and molecular mechanisms of miR-106a-5p in the process of atherosclerosis, using a model of EC injury induced by ox-LDL. This research may provide further evidence concerning the molecular basis of atherosclerosis development.

Materials and methods
=====================

### Cell culture

The human umbilical vein ECs (HUVECs) were purchased from American Type Culture Collection. They were cultured on DMEM supplemented with 10% FBS (both purchased from Invitrogen; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin (Sigma-Aldrich; Merck KGaA). Cells were maintained at 37°C in a humidified chamber containing 5% CO~2~ for 24 h and then treated with different concentrations of ox-LDL (0--80 µg/ml) for 12, 24, 36 and 48 h. ox-LDL was purchased from Hangzhou Union Biotechnology Co., Ltd.

### Cell transfection

The miR-106a-5p mimics (5′-AAAAGUGCUUACAGUGCAGGUAG-3′), miR-106a-5p inhibitor (5′-UAUGGCUUUUUAUUCCUAUGUGA-3′) and scrambled mimic or inhibitor were designed and synthesized by Shanghai GenePharma Co., Ltd. si-STAT3 (5′-GCAGCAGCTGAACAACATG-3′) and si-Scramble (5′-UUCUCCGAACGUGUCACGUTT-3′) were also designed and purchased from Shanghai GenePharma Co., Ltd. miR-106a-5p mimics (50 nM), miR-106a-5p inhibitor (50 nM) or si-STAT3 (100 nM) were transfected into cells (2×10^4^ cells) using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocols. After transfection for 48 h, cells were then exposed to ox-LDL for 48 h and collected for further experiments. Inhibitor experiments were performed using 30 µm STA-21 (Enzo Life Sciences, Inc.) as previously described ([@b28-mmr-22-02-0783]). Briefly, HUVEC cells were co-treated with miR-106a-5p inhibitor and either 30 µm STA-21 or DMSO for 24 h and then exposed to ox-LDL for 48 h and collected for further experiments.

### RNA extraction and reverse transcription-quantitative (RT-q) PCR

Total RNA was extracted using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.) from cells, according to the manufacturer\'s protocols. For detection of miRNA expression, cDNA was obtained from 10 ng RNA using TaqMan™ MicroRNA assay (Applied Biosystems; Thermo Fisher Scientific, Inc.) at 42°C for 1 h. For detection of mRNA expression, cDNA was prepared from 300 ng RNA using PrimeScript RT Master Mix (Takara Biotechnology Co., Ltd.) at 42°C for 1 h. The U6 gene was used as a reference control for miR-106a-5p and GAPDH was used as a reference control for STAT3. RT-qPCR was performed on an Applied Biosystems™ 7500 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) with miRNA-specific primers using the TaqMan Gene Expression assay kit. The primer sequences were as follows: miR-106a-5p forward, 5′-GATGCTCAAAAAGTGCTTACAGTGCA-3′ and reverse, 5′-TATGGTTGTTCTGCTCTCTGTCTC-3′; STAT3 forward, 5′-ATCACGCCTTCTACAGACTGC-3′ and reverse, 5′-CATCCTGGAGATTCTCTACCACT-3′; U6 forward, 5′-TCCGATCGTGAAGCGTTC-3′ and reverse, 5′-GTGCAGGGTCCGAGGT-3′; GAPDH forward, 5′-AGCCTCAAGATCATCAGCAATGCC-3′ and reverse, 5′-TGTGGTCATGAGTCCTTCCACGAT-3′. The amplification conditions consisted of 40 cycles of denaturation at 95°C for 5 sec, annealing at 55°C for 20 sec, and extension at 72°C for 20 sec. All reactions were performed in triplicate. The miR-106a-5p relative expression was analyzed using the 2^−ΔΔCq^ method ([@b29-mmr-22-02-0783]).

### Cell viability analysis

The CCK-8 assay was used to evaluate cell viability, according to the manufacturer\'s protocols ([@b30-mmr-22-02-0783]). Briefly, transfected HUVECs were seeded into 96-well plates with complete medium at a density of 2×10^4^ and incubated with 80 µg/ml ox-LDL at 37°C for 48 h. Afterwards, 10 µl of CCK-8 reagent (Dojindo Molecular Technologies, Inc.) was added for another 4-h culture at 37°C. The absorbance was measured at 450 nm to evaluate cell viability.

### Apoptosis analysis

After transfection, HUVECs were incubated with 80 µg/ml ox-LDL at 37°C for 48 h. Then, Annexin V-FITC (BD Biosciences) and propidium iodide (PI; 50 µg/ml; BD Biosciences) staining were used to detect cell apoptosis, according to the manufacturer\'s protocol. Briefly, the cells were collected and washed twice with ice-cold PBS and then resuspended in binding buffer. The cells were then cultured with 5 µl Annexin V-FITC and 10 µl PI at room temperature in the dark for 20 min. Stained cells were analyzed using flow cytometry (BD FACSCalibur™; BD Biosciences) and BD CellQuest™ software version 3.3 (BD Biosciences). The measurements were performed independently for at least three times with similar results.

### Analysis of caspase-3 activation

Caspase-3 activity was measured by a fluorometric assay kit (cat. no. K105-25; BioVision, Inc.), according to the manufacturer\'s protocols. The samples were determined at 405 nm using a microplate reader (model 680; Bio-Rad Laboratories, Inc.). The results are described as fold changes compared with the control group.

### Intracellular ROS measurement

H2DCFDA, a cell-permeable fluorogenic probe that can be modified by cellular esterases to form a non-fluorescent H2DCF, was used for ROS detection in this study. The intracellular ROS levels were tested by a total ROS detection assay kit (cat. no. K936; BioVision, Inc.), according to the manufacturer\'s protocols. Briefly, the HUVECs were harvested by centrifugation at 300 × g for 5 min at room temperature. The cells were re-suspended in culture media with 1X ROS Label and then incubated at 37°C for 30 min in the dark. Subsequently, cells were stained with 500 µl ROS assay buffer at 37°C for 1 h. The staining buffer was replaced by PBS, the DCF fluorescence intensity was measured by the fluorescence microscope. Images were captured with an electronic camera (Olympus Corporation).

### Western blot analysis

Total protein from the cell was isolated using RIPA buffer with protease inhibitor cocktail (Pierce; Thermo Fisher Scientific, Inc.). Protein concentration was quantified using a BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). Equal amounts of protein (30 µg) were loaded on 12% SDS-PAGE gel and then transferred to PVDF membranes (Bio-Rad Laboratories, Inc.). The membranes were blocked for 1 h with 5% non-fat milk at room temperature and then incubated overnight at 4°C with primary antibodies against p22phox (1:1,000; cat. no. ab80896; Abcam), STAT3 (1:1,000; cat. no. 9139; Cell Signaling Technology, Inc.) and β-actin (1:10,000; cat. no. sc47778; Santa Cruz Biotechnology, Inc.). Following incubation with the corresponding horseradish peroxidase-conjugated goat anti-mouse secondary antibodies (1:10,000; cat. no. sc2005; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature, the bands were detected using the enhanced chemiluminescence detection system (PerkinElmer, Inc.). The intensity of the bands of interest was analyzed with ImageJ software version 1.46 (National Institutes of Health).

### Bioinformatics analysis

miRNA target prediction tool TargetScan Release 7.0 (<http://targetscan.org/>) was used to search for the putative targets of miR-106a-5p.

### Luciferase reporter assay

The miR-106a-5p mimics/inhibitor and the corresponding negative controls (NCs) were designed and synthesized by Shanghai GenePharma Co., Ltd. The fragment of the 3′-UTR of STAT3 \[wild-type (wt) or mutant (mut)\] was amplified and cloned into the pMIR-REPORT luciferase vector (Ambion; Thermo Fisher Scientific, Inc.). Site-directed mutagenesis of the STAT3 3′-UTR at the putative miR-106a-5p binding site was performed by a QuikChange kit (Qiagen, Inc.). Subsequently, HUVECs at a density of 2×10^5^/well were seeded into 24-well plates and co-transfected with 0.8 μg of pMIR-STAT3-wt-3′-UTR or pMIR-STAT3-mut-3′-UTR, 50 nM miR-106a-5p mimic/inhibitor or the corresponding NC using Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The relative firefly luciferase activity was measured 48 h after transfection by using the Dual-Light^®^ luminescent reporter gene assay (Applied Biosystems; Thermo Fisher Scientific, Inc.). Renilla luciferase expression of pRL-TK plasmids (Promega Corporation) was used for normalization.

### Statistical analysis

All statistical analyses were performed using SPSS 14.0 software (SPSS, Inc.). Each experiment was repeated at least 3 times. Data are presented as the mean ± SEM. One-way ANOVA followed by Tukey\'s post hoc test was used to verify statistically differences among the groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### ox-LDL induces miR-106a-5p upregulation in HUVECs

To investigate whether ox-LDL regulates the miR-106a-5p level in HUVECs, cells were treated with ox-LDL at different concentrations (0--80 µg/ml) for 48 h, as previously described ([@b31-mmr-22-02-0783]), and the miR-106a-5p level was determined by RT-qPCR. It was observed that ox-LDL significantly increased miR-106a-5p expression in a dose-dependent manner ([Fig. 1A](#f1-mmr-22-02-0783){ref-type="fig"}). Based on these results, the HUVECs were subjected to 80 µg/ml ox-LDL for various time durations (0--48 h). As shown in [Fig. 1B](#f1-mmr-22-02-0783){ref-type="fig"}, treatment of HUVECs with 80 µg/ml of ox-LDL for various durations can lead to a time-dependent upregulation in the levels of miR-106a-5p. Therefore, 80 µg/ml of ox-LDL for 48 h was selected for subsequent experiments. In addition, the efficiency of miR-106a-5p mimics and the miR-106a-5p inhibitor in HUVECs was evaluated. The results showed that miR-106a-5p mimics led to the upregulation of miR-106a-5p compared with the NC mimics, whereas the miR-106a-5p inhibitor resulted in the downregulation of miR-106a-5p (P\<0.01; [Fig. 1C](#f1-mmr-22-02-0783){ref-type="fig"}). These results indicated that miR-106a-5p was upregulated in HUVECs incubated with ox-LDL.

### Knockdown of miR-106a-5p alleviates ox-LDL-induced HUVECs apoptosis

To explore the potential function of miR-106a-5p in HUVECs, the miR-106a-5p inhibitor was transfected into ox-LDL-treated HUVECs, and then the cell viability was measured using a CCK-8 assay. It was found that ox-LDL treatment decreased the viability of HUVECs compared with the blank group, whereas knockdown of miR-106a-5p reversed the ox-LDL-induced effect on cell viability (P\<0.01; [Fig. 2A](#f2-mmr-22-02-0783){ref-type="fig"}). Moreover, ox-LDL treatment led to an increase in caspase-3 activity, which was reversed by the knockdown of miR-106a-5p (P\<0.01; [Fig. 2B](#f2-mmr-22-02-0783){ref-type="fig"}). In addition, ox-LDL treatment significantly increased the percentage of HUVECs in apoptosis, but the knockdown of miR-106a-5p inhibited ox-LDL-induced apoptosis (P\<0.01; [Fig. 2C](#f2-mmr-22-02-0783){ref-type="fig"}). These data suggested that knockdown of miR-106a-5p promoted cell viability and suppressed the apoptosis induced by ox-LDL in HUVECs.

### Knockdown of miR-106a-5p protects against ox-LDL-induced ROS accumulation

It is reported that the accumulation of ROS is associated with the initiation and progression stages of atherogenesis ([@b32-mmr-22-02-0783]). Therefore, the effects of miR-106a-5p on ox-LDL-induced ROS were investigated in HUVECs. HUVECs were treated with 80 µg/ml of ox-LDL for 48 h after transfection with the miR-106a-5p inhibitor or inhibitor NC, and the ROS levels were detected by a ROS detection kit. As shown in [Fig. 3A and B](#f3-mmr-22-02-0783){ref-type="fig"}, compared with blank group, ox-LDL-treated HUVECs induced a high ROS level, but the knockdown of miR-106a-5p markedly inhibited the accumulation of ROS induced by ox-LDL (P\<0.01). To further investigate the anti-oxidative effects of miR-106a-5p downregulation, western blotting was performed to detect the expression level of the oxidative injury-related protein p22phox ([@b33-mmr-22-02-0783]). As shown in [Fig. 3C](#f3-mmr-22-02-0783){ref-type="fig"}, knockdown of miR-106a-5p decreased the expression of p22phox in ox-LDL-treated HUVECs (P\<0.01). These results indicated that the knockdown of miR-106a-5p led to anti-oxidative effects against ox-LDL-induced ROS levels in HUVECs.

### STAT3 is a direct target of miR-106a-5p in HUVECs

TargetScan was used to predict the putative targets of miR-106a-5p, and it identified that miR-106a-5p has a number of potential targets that are associated with cell apoptosis. This includes programmed cell death 1 ligand 2, apoptosis enhancing nuclease, BCL-2-like protein 2, BCL-2-like protein 11 (apoptosis facilitator) and Fas apoptotic inhibitory molecule 2. In the present study, STAT3 was selected to investigate further due to its association with atherosclerosis development via the regulation of cell apoptosis and inflammation, and because it is a target of miR-106a-5p ([@b34-mmr-22-02-0783]). Thus, STAT3 was identified as a possible target gene of miR-106a-5p ([Fig. 4A](#f4-mmr-22-02-0783){ref-type="fig"}). To confirm this bioinformatics prediction, a luciferase reporter assay was carried out in HUVECs via co-transfection with a wt or mut reporter plasmid along with miR-106a-5p mimics/inhibitor or NC. The results revealed that the upregulation of miR-106a-5p notably reduced the relative luciferase activity when compared with the mimic NC, while miR-106a-5p inhibitor resulted in the opposite effect in the presence of the wt 3′-UTR (P\<0.01; [Fig. 4B](#f4-mmr-22-02-0783){ref-type="fig"}). As predicted, the miR-106a-5p mimics/inhibitor failed to regulate the relative luciferase activity of the vector containing mut STAT3-3′-UTR in the miR-106a-5p-binding site ([Fig. 4B](#f4-mmr-22-02-0783){ref-type="fig"}). Western blot analysis and RT-qPCR further confirmed that the overexpression of miR-106a-5p significantly downregulated the mRNA and protein expression level of STAT3 (P\<0.01; [Fig. 4C](#f4-mmr-22-02-0783){ref-type="fig"}), whilst knockdown of miR-106a-5p upregulated the expression level of STAT3 in HUVECs (P\<0.01; [Fig. 4D](#f4-mmr-22-02-0783){ref-type="fig"}). These data indicated that miR-106a-5p suppressed STAT3 expression by targeting its 3′-UTR. Additionally, the knockdown efficiency of si-STAT3 in HUVECs was evaluated, and it was observed that si-STAT3 can significantly downregulate the levels of mRNA and protein expression of STAT3 compared with si-Scramble (P\<0.01; [Fig. 4E](#f4-mmr-22-02-0783){ref-type="fig"}).

### STAT3 silencing interferes with the protective effects of miR-106a-5p downregulation on ox-LDL-induced ROS accumulation and HUVEC apoptosis

To investigate whether the protective effects of miR-106a-5p inhibition on ox-LDL-induced ROS accumulation and cell apoptosis were modulated by STAT3 expression, the HUVECs were co-treated with miR-106a-5p inhibitor and one of the following: si-STAT3; si-scramble; STA-21 (a STAT3 inhibitor); or DMSO. Following this, they were treated with 80 µg/ml of ox-LDL for 48 h. These results showed that the inhibition of miR-106a-5p decreased the ox-LDL-induced ROS level compared with the ox-LDL group, but when cells were transfected with the inhibitor + si-STAT3 or STA-21, the miR-106a-5p inhibitor no longer reduced the ROS level (P\<0.01; [Fig. 5A](#f5-mmr-22-02-0783){ref-type="fig"}). The CCK-8 assay demonstrated that the knockdown of miR-106a-5p increased cell viability, which ox-LDL alone decreased, whereas si-STAT3 and STA-21 reversed the effect of miR-106a-5p inhibition on cell viability in ox-LDL-incubated HUVECs (P\<0.01; [Fig. 5B](#f5-mmr-22-02-0783){ref-type="fig"}). As expected, STA-21 also attenuated the protective effects of miR-106a-5p inhibition on caspase-3 activity and cell apoptosis induced by ox-LDL in HUVECs when compared with the ox-LDL and miR-106a-5p inhibitor group (P\<0.01; [Fig. 5C and D](#f5-mmr-22-02-0783){ref-type="fig"}). These results suggested that the inhibition of STAT3, using STA-21, impaired the protective effects of inhibiting miR-106a-5p in ox-LDL-induced HUVECs, as observed by measuring levels of ROS and apoptosis.

Discussion
==========

The present study demonstrated that ox-LDL can induce the upregulation of miR-106a-5p in a dose-dependent manner in HUVECs, which is associated with decreased cell viability, as well as inhibition of cell apoptosis and ROS accumulation. However, knockdown of miR-106a-5p can prevent these effects and offer protection from ox-LDL. Specifically, STAT3 was identified as a direct target of miR-106a-5p in HUVECs; STAT3 silencing abolished the protective effect of miR-106a-5p inhibitor in ox-LDL-treated HUVECs. These results indicated that the knockdown of miR-106a-5p protects HUVECs from ox-LDL-induced apoptosis and the accumulation of ROS by inhibiting STAT3, suggesting it may act as a target for atherosclerosis treatment.

Increasing evidence has demonstrated that endothelial functions exert a vital effect on the homeostasis of blood vessels ([@b35-mmr-22-02-0783]). ECs play an important role in vascular diseases, and their dysfunction is regarded as a biomarker in the development of atherosclerosis ([@b36-mmr-22-02-0783]). ox-LDL, a key factor in the initiation and progression of atherosclerosis, has been associated with vascular EC dysfunction, including abnormal apoptosis and proliferation ([@b37-mmr-22-02-0783]). Emerging evidence has demonstrated that a number of miRNAs are associated with the modulation of ox-LDL-induced EC apoptosis and inflammation responses in atherosclerosis, including miR-365, miR-26a, miR-221/222 and miR-181a ([@b38-mmr-22-02-0783]--[@b41-mmr-22-02-0783]). It has been reported that miR-106a-5p is upregulated in atherosclerotic plaques and is associated with angiogenesis in homozygous LDL receptor-deficient mice ([@b27-mmr-22-02-0783]). However, whether miR-106a-5p participates in ox-LDL-mediated HUVEC apoptosis and oxidative injury is not known. In this study, it was found that ox-LDL treatment increased the level of miR-106a-5p in a dose and time-dependent manner. Functional experiments showed that ox-LDL treatment significantly inhibited cell viability and induced cell apoptosis, whereas knockdown of miR-106a-5p reversed the ox-LDL-induced effects on viability and apoptosis in HUVECs. These results suggested that the knockdown of miR-106a-5p protected against ox-LDL-induced apoptosis in HUVECs.

Oxidative stress is a potent pathogenic mechanism in the pathogenesis of atherosclerosis due to its role in inducing cellular injury, apoptosis and mitochondrial dysfunction (42, 43). ox-LDL has been shown to cause damage to ECs due to its roles in the production of ROS and apoptosis ([@b44-mmr-22-02-0783]). A previous study showed that miRNAs modulated inflammation and oxidative stress in relation to atherosclerosis ([@b45-mmr-22-02-0783]). A recent study demonstrated that the knockdown of miR-34a suppressed ox-LDL-stimulated apoptosis and oxidative stress in HUVECs ([@b46-mmr-22-02-0783]). Zhang *et al* ([@b47-mmr-22-02-0783]), reported that miR-34a/sirtuin-1/forkhead box O3 plays an important role in the protective role of genistein against ox-LDL-induced oxidative damage in HUVECs. In the present study, the results demonstrated that knockdown of miR-106a-5p reduced ox-LDL-induced ROS levels via the suppression of oxidation-related proteins. These findings indicated that knockdown of miR-106a-5p exerted protective effects on ox-LDL-induced HUVEC injury by suppressing ROS production.

It has been reported that STAT3 serves as a vital regulator in various types of chronic inflammatory diseases, including rheumatoid arthritis, systemic lupus erythematosus and psoriasis ([@b48-mmr-22-02-0783]--[@b50-mmr-22-02-0783]). Gharavi *et al* ([@b51-mmr-22-02-0783]), found that activated STAT3 was upregulated in the inflammatory regions of human atherosclerotic lesions. Additionally, deletion of STAT3 has been found to reduce fatty streak formation in EC-specific STAT3 knock-out mice ([@b51-mmr-22-02-0783]). Vasamsetti *et al* ([@b52-mmr-22-02-0783]), demonstrated that inhibiting STAT3 suppressed monocyte-to-macrophage differentiation, which is a pivotal facilitation event in atherosclerotic development. Another previous study identified that miR-106a-5p negatively regulated STAT3 activation by targeting its 3′-UTR in human neuroblastoma cells ([@b53-mmr-22-02-0783]). The results of the present study confirmed that miR-106a-5p inhibited STAT3 by targeting its 3′-UTR in HUVECs. Moreover, inhibition of STAT3 reversed the effect of miR-106a-5p downregulation on cell apoptosis and ROS levels induced by ox-LDL in HUVECs. These results indicated that the downregulation of miR-106a-5p had protective effects on ox-LDL-induced HUVEC apoptosis via the modulation of STAT3.

However, there are limitations of this study. Firstly, only STAT3 was selected to investigate further due to its association with atherosclerosis development via the regulation of cell apoptosis and inflammation, and because it is a target of miR-106a-5p ([@b52-mmr-22-02-0783]); it would be useful to study other targets of miR-106a-5p. Subsequent experiments will focus on other possible targets involved in atherosclerosis. Secondly, this study only investigated HUVECs; the use of coronary or the carotid artery ECs would hold greater relevance in atherosclerosis research than HUVECs. Although HUVECs have been extensively used to research atherosclerosis in previous studies, it would be useful to validate the results of the present study in other cells during subsequent experiments.

In conclusion, these results revealed that ox-LDL results in miR-106a-5p upregulation in a dose-dependent manner. Knockdown of miR-106a-5p reversed the ox-LDL-induced effects on apoptosis and ROS production in HUVECs. Furthermore, it was found that inhibition of miR-106a-5p protects against ox-LDL-induced apoptosis and oxidative stress by modulating STAT3 in HUVECs. Taken together, these findings indicated that the miR-106a-5p/STAT3 axis is an important regulator of the development and progression of atherosclerosis, suggesting that miR-106a-5p may serve as a therapeutic target in the treatment of atherosclerosis.
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![Effect of ox-LDL on expression levels of miR-106a-5p in HUVECs. (A) HUVECs were treated with ox-LDL at different concentrations (0, 10, 20, 40 or 80 µg/ml) for 24 h. (B) HUVECs were subjected to 80 µg/ml of ox-LDL for various time durations (0, 12, 24 or 48 h). \*P\<0.05, \*\*P\<0.01 vs. 0. (C) HUVECs were transfected with miR-106a-5p mimics or miR-106a-5p inhibitor. Expression of miR-106a-5p was measured using reverse transcription-quantitative PCR. Data are presented as the mean ± SD of three individual experiments. \*\*P\<0.01; ^\#\#^P\<0.01. ox-LDL, oxidized low-density lipoproteins; HUVECs, human umbilical vein endothelial cells; miRNA, microRNA; NC, negative control.](MMR-22-02-0783-g00){#f1-mmr-22-02-0783}

![Knockdown of miR-106a-5p alleviates the effects of ox-LDL on the viability of HUVECs. After transfection with a miR-106a-5p inhibitor or inhibitor NC, the HUVECs were exposed to ox-LDL (80 µg/ml) for 48 h. (A) Cell Counting Kit-8 assay was used to detect cell viability. (B) Caspase-3 activity was tested using a fluorometric assay kit. (C) Cell apoptosis was evaluated using flow cytometry. Data are presented as the mean ± SD of three individual experiments. \*P\<0.05, \*\*P\<0.01 vs. blank group; ^\#\#^P\<0.01 vs. inhibitor NC. ox-LDL, oxidized low-density lipoproteins; HUVECs, human umbilical vein endothelial cells; miR, microRNA; NC, negative control.](MMR-22-02-0783-g01){#f2-mmr-22-02-0783}

![Knockdown of miR-106a-5p inhibits ox-LDL-induced ROS in HUVECs. After transfection with a miR-106a-5p inhibitor or inhibitor NC, HUVECs were exposed to ox-LDL (80 µg/ml) for 48 h. (A) ROS levels were detected using a ROS detection kit. (B) Relative fluorescence intensity is shown in the bar graphs. (C) p22phox protein level was detected using western blotting; β-actin was used as an internal control. \*P\<0.05, \*\*P\<0.01 vs. blank group; ^\#\#^P\<0.01 vs. inhibitor NC. ROS, reactive oxygen species; ox-LDL, oxidized low-density lipoproteins; miR, microRNA; NC, negative control; HUVECs, human umbilical vein endothelial cells.](MMR-22-02-0783-g02){#f3-mmr-22-02-0783}

![STAT3 is a direct target of miR-106a-5p in HUVECs. (A) STAT3 3′-UTR region containing the wt or mut binding site for miR-106a-5p. (B) HUVECs were co-transfected with either pMIR-STAT3-2-3-UTR or pMIR-STAT3-mut-3′-UTR, and miR-106a-5p mimic/inhibitor or corresponding NC and the relative luciferase activity were measured. \*\*P\<0.01; ^\#\#^P\<0.01. HUVECs transfected with miR-106a-5p (C) mimic or (D) inhibitor and corresponding NC, the mRNA and protein level of STAT3 was measured using western blotting; β-actin was used as an internal control. \*\*P\<0.01 vs. mimics/inhibitor NC. (E) HUVECs transfected with si-STAT3 or si-Scramble, the STAT3 mRNA and protein level was detected using RT-qPCR and western blot analysis, respectively; β-actin was used as an internal control. \*\*P\<0.01 vs. si-Scramble. wt, wild-type; mut, mutant; STAT3, signal transducer and activator of transcription 3; miR, microRNA; HUVECs, human umbilical vein endothelial cells; NC, negative control; RT-qPCR, reverse transcription-quantitative PCR](MMR-22-02-0783-g03){#f4-mmr-22-02-0783}

![Inhibition of STAT3 abolishes the protective effects of the miR-106a-5p inhibitor on ox-LDL-induced HUVEC apoptosis. HUVECs were co-transfected with a miR-106a-5p inhibitor and either si-STAT3 or STA-21 (a STAT3 inhibitor), following which they were treated with 80 µg/ml of ox-LDL for 48 h (si-scramble and DMSO groups used as controls). (A) ROS levels were detected using a ROS detection kit. (B) Cell Counting Kit-8 assay was used to detect cell viability. (C) Caspase-3 activity was tested using a fluorometric assay kit. (D) Cell apoptosis was evaluated using flow cytometry. \*P\<0.05, \*\*P\<0.01 vs. blank group; ^\#\#^P\<0.01 vs. ox-LDL group. STAT3, signal transducer and activator of transcription 3; miR, microRNA; HUVECs, human umbilical vein endothelial cells; NC, negative control; ox-LDL, oxidized low-density; ROS, reactive oxygen species](MMR-22-02-0783-g04){#f5-mmr-22-02-0783}
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